ABSTRACT
INTRODUCTION
A number of analytical tools have been included in our website (1) for the Kabat database and its applications (2) . We are continually developing new methods to study this collection of aligned sequences. Every year, we shall try to illustrate the importance of such methods for one specific example. In the present paper, we would like to use pair-wise comparison (3-6) of nucleotide sequences to study the evolutionary history of antibody heavy chain V-genes among human, mouse, chicken and shark. The situation for multi-gene families is very complicated (7, 8) .
Since there are relatively few available nucleotide sequences for chicken and shark, we have restricted human and mouse sequences to rheumatoid factors and anti-DNA antibodies. The sample sizes would be of similar orders of magnitude for these six groups: (i) 80 human rheumatoid factors; (ii) 52 human anti-DNA antibodies; (iii) 32 mouse rheumatoid factors; (iv) 167 mouse anti-DNA antibodies; (v) all 45 chicken sequences; and (vi) all 34 shark sequences. Only complete and distinct sequences are used in our analysis. For heavy chain variable region V-genes, they include codons 1-94, according to the Kabat numbering system (1).
RESULTS
Among all human rheumatoid factor heavy chain V-gene sequences, which are complete and distinct, the minimum difference is one base. However, totally unexpectedly, the maximum difference is 147 bases (Table 1 ) for a stretch of <300 nt. In the case of other proteins, such differences would have suggested that the two sequences are unrelated. Without a large collection of precisely aligned sequences, we would have never discovered this interesting finding.
Similarly, among V-gene sequences of human anti-DNA antibody heavy chain, the minimum difference is again 1 base while the maximum is 156 bases. For mouse rheumatoid factors, they are 1 and 140, respectively; and for mouse anti-DNA antibodies, they are 1 and 151. For all chicken heavy chain V-gene sequences, however, they are 1 and 50, respectively. This is most likely due to the existence of only one functional heavy chain V-gene, with the others being generated by gene conversion (9) . For all shark sequence, the minimum and maximum are 1 and 167, respectively.
The minimum and maximum nucleotide differences between heavy chain V-gene sequences among different species are also summarized in Table 1 . While the minimum difference is much larger than that for sequences from the same species, i.e. 1 base, the maximum differences are not substantially larger. For example, between human and mouse rheumatoid factors, the minimum is 45 base differences, while the maximum is 148 bases, similar to the value among all human rheumatoid factor sequences, i.e. 147 bases. Between human rheumatoid factor sequences and all shark sequences, the minimum difference is substantially increased to 114 bases. But the maximum only goes up to 186 bases.
This database of sequences can provide references to future sequence studies. In addition, as illustrated here, analytical methods as applied to properly aligned sequence collections can open up new areas of research.
DISCUSSION
The minimum nucleotide differences between any two antibody heavy chain V-gene sequences among different species may be used to estimate the time of evolutionary divergence of these species. For example, V-genes of human rheumatoid factor differ from those of mouse anti-DNA antibody by 38 bases, and from those of mouse rheumatoid factor by 45 bases *To whom correspondence should be addressed. Tel: +1 847 491 7849; Fax: +1 847 491 4928; Email: johnson@immuno.bme.nwu.edu ( Table 1 ). The usual estimation for the time of divergence of human and mouse is considered to be about 100 million years ago, and may be related to the 38-45 base differences. If we assume a linear relationship between the time of divergence and the number of base differences, the time of divergence of chicken from human can be calculated from the values listed in Table 1 to be around 198-234 million years ago. Similarly, chicken may have diverged from mouse around 216-255 million years ago. Roughly, chicken has diverged from human and mouse about 225 million years ago.
As to shark, its V-genes of antibody heavy chains have diverged from human around 253-303 million years ago, from mouse around 256-311 million years ago and from chicken around 269-318 million years ago. Taken together, shark has diverged from human, mouse and chicken about 286 million years ago. Our estimations are in reasonably good agreement with others.
Furthermore, the maximum base difference between any two V-genes of antibody heavy chains, i.e. 187 (Table 1) , can probably provide an estimation for the time at which the antibody V-genes first appeared. Our method gives a value of around 416-492 million years ago.
As clearly illustrated here, properly aligned nucleotide sequences of V-genes of antibody heavy chains in the Kabat database can provide useful information about their evolutionary past. A totally unexpected finding is that within the same species of human, mouse or shark, two sequences can differ by ∼150 or more bases in a stretch of <300 nt. In chicken, where gene conversion is the basic mechanism of generating antibody diversity, the maximum difference is only 50 bases. This result seems to suggest that some of the V-genes may have remained functional during the entire evolutionary history. There may be little or no selective pressure to eliminate them.
CONCLUSION
The Kabat database is not only a sequence database, but also incorporates vital aspects of the biology of the immune system.
Various analytical methods have been and will be developed to study the structure and function relations of proteins of immunological interest. As illustrated here, analysis of the entire updated database will be of vital importance in the future.
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